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Abstract 

Background: In Huntington's disease (HD), the ratio between normal and mutant Huntingtin (polyQ-hHtt) is 
crucial in the onset and progression of the disease. As a result, addition of normal Htt was shown to improve 
polyQ-hHtt-induced defects. Therefore, we recently identified, within human Htt, a 23aa peptide (P42) that 
prevents aggregation and polyQ-hHtt-induced phenotypes in HD Drosophila model. In this report, we evaluated 
the therapeutic potential of P42 in a mammalian model of the disease, R6/2 mice. 

Results: To this end, we developed an original strategy for P42 delivery, combining the properties of the cell 
penetrating peptide TAT from HIV with a nanostructure-based drug delivery system (Aonys® technology), to form a 
water-in-oil microemulsion (referred to as NP427] allowing non-invasive per mucosal buccal/rectal administration of 
P42. Using MALDI Imaging Mass Spectrometry, we verified the correct targeting of NP42T into the brain, after per 
mucosal administration. We then evaluated the effects of NP42T in R6/2 mice. We found that P42 (and/or derivatives) 
are delivered into the brain and target most of the cells, including the neurons of the striatum. Buccal/rectal daily 
administrations of NP42T microemulsion allowed a clear improvement of behavioural HD-associated defects 
(foot-clasping, rotarod and body weights), and of several histological markers (aggregation, astrogliosis or ventricular 
areas) recorded on brain sections. 

Conclusions: These data demonstrate that NP42T presents an unprecedented protective effect, and highlight a new 
therapeutic strategy for HD, associating an efficient peptide with a powerful delivery technology. 

Keywords: Huntington's disease, Mouse model, Peptide, Microemulsion 



Introduction 

Huntington's Disease (HD) is a progressive neurodegenera- 
tive disorder caused by an abnormal expansion of polyQ 
(>35) domain in the N- terminus of the Huntingtin protein 
(Htt) [1]. The worldwide prevalence of HD is 5-10 cases 
per 100,000 persons. Currently, only symptomatic 
treatments are available [2]. One of the histopathological 
marker of HD is intranuclear aggregates formed by the 
polyQ-mutated Htt protein. These insoluble structures 
trap crucial proteins [3-5] and can physically block cellular 
traffic [6-8] and alter for instance the ubiquitin-proteasome 
degradation process [9,10]. Altogether these defects finally 
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contribute to the neurodegeneration occurring primarily in 
the striatum and involving other brain areas at later stages 
of the disease. 

Although it is well established that the disease onset 
occurs as a consequence of expanded polyQ, other 
domains of Htt could also influence the pathogenicity 
of polyQ-hHtt. Indeed, the first 17 amino acids (N17 
region) and the proline-rich region (PRR region), both 
flanking the polyQ stretch were found to influence 
aggregation [11,12], 

Most research undertaken to find a cure for HD focus 
on the mutated allele (trying to reduce its expression) 
[13], or on the polyQ stretch that is responsible for 
aggregation, but that is also present in other neurodegen- 
erative diseases [14,15]. Our approach is based on the 
observation that the ratio between normal and mutant 



© 2014 Arribat et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.Org/licenses/by/4.0), which permits unrestricted use, distribution, and 
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain 
Dedication waiver (http://creativecommons.0rg/publicdomain/zero/l.O/) applies to the data made available in this article, 
unless otherwise stated. 



Arribat et al. Acta Neuropathologica Communications 2014, 2:86 
http://www.actaneurocomms.Org/content/2/1/86 



Page 2 of 1 7 



Huntingtin is a crucial factor in the onset and progression 
of the disease [1,16-22]. In a previous work, we confirmed 
the protective role of wild-type N-terminus Htt [22]. We 
further screened human hHtt, for peptides able to prevent 
polyQ-hHtt aggregation in HeLa cells. To this end, 548aa 
N-terminal part of hHtt has been fragmented in shorter 
fragments according to domains lying in the protein. 
This step-by-step approach allowed the identification 
of a 23aa peptide (P42), lying in the N-terminus (position 
480-502 aa) of normal human Htt (hHtt), able to prevent 
aggregation in cellulo in HeLa cells, and to retain protective 
properties on different phenotypes induced by the 
expression of the polyQ-Htt in vivo in a Drosophila 
model of HD (on eye degeneration, axonal trafficking 
and larval locomotion for instance) [8]. P42 is able to 
prevent eye degeneration of flies expressing hHtt exonl 
(covering 67aa, but not P42) with expanded polyQ [8]. 
Interestingly, this effect of P42 is specific of HD, and not 
of other polyQ-induced diseases [8]. This showed that P42 
is able to act through hHtt 67 aa exon 1, independently to 
the polyQ stretch. 

These previous data suggested that P42 could represent 
a new therapeutic agent to specifically target HD 
hallmarks. To test this possibility, we decided to analyse 
P42 protective properties in another model of HD, 
preferentially mammalian. In order to better quantify 
the protective power of P42, we choose to test R6/2 
mice that express, as in the fly model, exonl of human 
Huntingtin bearing 144 CAG repeats, and which do not 
contain the P42 domain [23,24]. These mice exhibit early 
and severe behavioural phenotypes, associated to histo- 
logical biomarkers mimicking HD. Symptoms start very 
early at week 5, leading to a premature death in weeks 
12-15. In particular, R6/2 mice present neuroanatomical 
abnormalities including progressive reduction of the brain 
volume. They are also characterized by the presence of 
widespread nuclear inclusions of mutant polyQ-Htt in 
brain neurons. In addition, behavioural abnormalities are 
also present, including loss of coordination [25] . 

In order to test P42 in R6/2 mice, we developed a new 
peptide-based strategy. Peptides have many therapeutic 
applications, principally due to their efficiency, their 
selectivity and a high specificity compared to other 
molecules. Another important advantage concerns their 
degradation in amino acids that present a low risk of 
toxicity. Nevertheless, peptides present some limitations, 
related to their low capability to cross membrane barriers, 
short half-life, and difficulties of administration. To 
overcome these problems and optimize the delivery and 
action of P42, we adapted two complementary and 
original strategies. First, in order to cross cell membrane 
barriers efficiently and reach cytoplasmic and nucleic 
compartments, we fused P42 to the protein transduction 
domain of TAT from HIV. This llaa Cell Penetrating 



Peptide (CPP) can be efficiently used as a vehicle to deliver 
fused peptides into living cells [26,27], via endocytosis 
[28]. We first tested P42-TAT fusion peptide in HeLa 
cells for its abilities to transduce cells, and to rescue 
polyQ-hHtt aggregation. Secondly, in order to optimize 
the pharmacokinetic characteristics of P42 (serum half life 
and distribution profile) and to provide a non-invasive 
route for repetitive delivery of this fusion peptide, we used 
a novel water-in-oil microemulsion drug delivery vector 
named Aonys® [29,30]. Aonys® provides a transmucosal 
(buccal) route of administration and enhances CNS 
penetration, which we verified by MALDI Imaging Mass 
Spectrometry. 

The Aonys® formulated fusion peptide (named NP42T) 
represents a new product that combines for the first time 
the properties of a CPP, with a nanostructure-based drug 
delivery system. The aim of this study was to evaluate the 
efficacy of this new formulation of P42, NP42T, in the 
mammalian R6/2 HD mouse model. 

Despite the high aggressiveness and the rapid onset of 
the phenotypes in the R6/2 model, buccal/rectal adminis- 
tration of NP42T significantly improved motor, histological 
and molecular phenotypes. These studies allowed to 
divert the natural properties of a Huntingtin domain 
P42 towards protection against aggregation and toxicity, 
which represents a new approach to fight against HD. 

Materials and methods 

Peptide synthesis and formulation 

To ensure P42 diffusion, we designed a fusion peptide 
where P42 was conjugated to the llaa TAT Cell Penetrating 
Peptide (CPP). The peptide P42-TAT (AASSGVSTPG 
SAGHDIITEQPRS-GG-YGRKKRRQRRR) was synthetized 
and purified by Millegen company (France) with either a 
TAMRA (Tetra-Methyl-Rhodamine) tag at N-terminal 
position, or without any tag. NP42T is based on Aonys® 
drug delivery vector [29,30] where P42-TAT has been 
incorporated in a water-in-oil microemulsion. The 
lipid mixture Aonys® was prepared extemporaneously by 
weighing the lipid constituants. The appropriate amount 
of the peptide P42 powder (Millegen, purity >95%) was 
dissolved in MilliQ water. At a well-defined ratio, the 
P42TAT-Aonys® lipid monophasic microemulsion forms 
rapidly by short vortex mixing of the lipid mixture with 
the aqueous peptide solution. 

Cell culture experiments and filter retardation assays 

HeLa cells were grown and maintained in DMEM 
medium (Gibco) supplemented with 10% fetal calf serum 
and glutamine. HeLa cells were grown in 6 well plates, 
and pDdest53-GFP-hHtt 171aa -136Q (0.75 ug) was trans- 
fected with JetPei reagent (Qbiogene). Equal amounts of 
pcDNA-Cherry-P42 or control vector were added for each 
transfection to level the total amount of plasmid DNA. To 
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test the internalization of exogenous peptide, synthesized 
TAMRA-P42-TAT was added at the same time as 
pDest53-GFP-hHtt 171aa -Q136 transfection, at different 
concentrations (0, 0.5, 1, 5, 10 or 20 uM). Cells were incu- 
bated with plasmid and peptide for 12 h. Then the medium 
was washed twice with PBS, the cells trypsinized, and grown 
on a coverslip with new DMEM medium for 6 h. This step 
was necessary to eliminate the peptide that crystallizes on 
the well Eventually, cells were fixed with 4% paraformalde- 
hyde and immunostained for microscopic analysis. To 
observe the internalization of the peptide TAMRA- 
P42-TAT, the signal was amplified by anti-TAMRA immu- 
nostaining (1:500- Invitrogen). Nuclei were counterstained 
with DAPI (4', 6 diamino-2-phenylindole). The pictures 
were taken with a confocal laser scanning microscope 
model LSM780 (Carl Zeiss). 

For filter retardation assays, protein extracts from 
HeLa cells were performed according to [31], with the 
following modifications: After transfection, HeLa cell 
pellets were treated by DNase and resuspended in 
150 ul of 1% SDS and 50 mM DTT in PBS. The sam- 
ples were boiled for 5 min, and diluted with 150 ul 
of 1% SDS. For each sample, two aliquots of 150 ul 
were filtered through a cellulose acetate membrane 
(0.2 um pore size, Schleicher & Schuell), using a Bio-Rad 
dot-blot filtration unit. Membranes were then immuno- 
detected with anti-GFP primary antibody (rabbit 
polyclonal (1:6000) Invitrogen), as indicated. The 
membranes have been secondary detected by HRP 
conjugated anti-rabbit antibody (l:50000-Jackson). 
Immunoreactive spots were detected with Immuno-Star 
WesternC kit (Bio-Rad), and quantifications have been 
performed with Image Lab3.0 software. 

Pharmacokinetics 

To test the stability of the peptide in the brain, single 
intracerebroventricular (ICV) injection of peptides was 
performed in the right ventricle of C57BL/6 mice as 
described in [15]. 5 ug or 1 ug of TAMRA-P42-TAT 
were stereotaxically injected into the right lateral 
ventricle (coordinates 1 mm right lateral to bregma 
and 3 mm ventral to the skull surface) of C57BL/6 J 
mice using a 10 ul Hamilton syringe at a rate of 
0.2 ul to 1 ul/min. As a control, saline was injected in the 
same volume and at the same rate. Mice were sacrificed at 
6 h or 24 h by transcardiac perfusion of PFA. 

For MALDI analysis, wild-type C57BL/6 J mice have 
been injected either by ICV (2.1 ug), or treated with 
empty NP, or with NP42T (210 ug) microemulsions. 
For NP and NP42T, four buccal and four rectal 
administrations (1 ml/kg) have been performed, spaced by 
30 minutes to ensure mucosa internalization. Two mice 
have been treated for each condition and sacrificed 3 h 
after the injections. 



Mass spectrometry and MALDI Imaging Mass 
spectrometry (IMS) 

MALDI MS and MS/MS analysis: Spectra acquisition has 
been performed using the 4800 Plus MALDI TOF/TOF™ 
mass spectrometer (ABSciex) controlled by the 4000 
Series Explorer™. MS spectra were acquired in a reflector 
positive mode (mass range: m/z 700-4000, laser intensity 
set at 50% and 3000 total laser shots per spectrum, 
MS resolutions 12000-17000). MS/MS precursor was 
selected manually with an absolute mass window of 
1 Da and each MS/MS spectrum is the result of 1000 
total laser shots with a laser intensity set at 50% and a 
MS/MS resolution > 2000-5000. The fragmentation was 
performed at collision energy of 2 kV and a collision air 
pressure set at 10" 6 Torr. 

Tissue preparation and MALDI imaging analysis: 
Frozen brain sections were cut in 15 um slices using 
an HM 550 OVPD cryostat (Fisher Scientific, Illkirch, 
France), set at -20°C, mounted on ITO coated conductive 
glass slides and allowed to thaw and desiccate in a vacuum 
desiccator. Tissue sections were then coated manually with 
a 10 mg/ml a-cyano-4-hydroxycinnamic acid dissolved 
in 50% acetonitrile (ACN) and 0.1% trifluoroacetic 
acid (TFA). 

MALDI imaging was performed using the 4800 Plus 
MALDI TOF/TOF™ Analyzer (AB Sciex). Image 
acquisition was achieved using the 4800 imaging tool 
software (MSI imaging). Imaging of brain sections 
was performed in a reflector positive mode, in the 
mass range of m/z 500-4000, with a resolution of 
50 um in a 100 x 100 um raster, and laser intensity 
set at 80% of full laser intensity as selected within the 
4000 Series Explorer™. At each position of the tissue 
section, an averaged mass spectrum is generated from 
1000 consecutive laser shots. 

The two dimensional ion image of the tissue section 
was analyzed using Tissue View™ software (Applied 
Biosystems/MDS analytical technologies). A colour 
scale representing signal intensity is exported from 
Tissue View™ software to provide semi quantitative 
information. 

R6/2 transgenic and wild-type mice 

R6/2 mouse model, based on the expression of the 
polyQ expanded human exonl is a well-characterized 
model showing early and strong symptoms and leading 
to a premature death at 3 months of age [23-25]. 

Initially, heterozygous R6/2 males were obtained from 
Jackson Laboratory (stock 006494). The crossing of these 
R6/2 males with C57BL/6-CBA Fl females generated 
the animals used in this study. The pups were weaned at 
week 3. After the weaning, the pups were housed in 
groups of mixed genotypes, and data were recorded for 
each mouse. Females issued from this crossing were 
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treated from week 2 to week 11. Until the appearance of 
the tremor or clasping behaviour, transgenic mice could 
not be distinguished from normal mice in their home 
cage. The experimenters were blind to the genotype of 
the mice until the end of the protocol The mice were 
housed fifteen per cage under standard conditions 
with ad libitum access to water and food. At the end 
of the protocol, mice were genotyped by PCR using 
tail-tip DNA as described [23]. A real time PCR was 
performed with the following primers HDexonl Forward : 
5'- CGG CTG AGG CAG CAG CGG CTG T-3', and 
HDexonl-Reverse : 5'- GCA GCA GCA GCA GCA ACA 
GCC GCC ACC GCC3 '. At week 11, mice were sacrificed 
and tissues fixed for histology by transcardiac perfusion of 
4% PFA in PBS. 

P42 treatment 

Procedures for the care and treatment of animals 
were carried out according to CNRS guidelines, and the 
experimental protocol was approved by the institutional 
animal care committee of the Institut de Genomique 
Fonctionnelle, in accordance with directives of the French 
Ministry of Agriculture (agreement number: D34-172-13). 

For animal experimentation, a cohort of 30 females was 
divided into four groups (WT treated with empty NP 
(n = 5); WT treated with NP42T (n = 8); R6/2 treated 
with empty NP (n = 8); R6/2 treated with NP42T (n = 9)). 
Administrations were performed five days a week, at the 
same time of the day, starting in 2 -week-old mice. The 
treatment was performed until the mice were sacrificed 
(at week 11). NP42T peptide (600 (ig/ml/kg) was adminis- 
trated twice a day per mucosa, with two buccal injections 
until the mice were 4 week old, and via rectal and buccal 
injections for older animals older. 

Behavioural tests of mice 

Body weights of the R6/2 transgenic and wild-type mice 
were recorded weekly at the same time of the day, from 
the week 2 [14]. 

Motor performance was assessed using an accelerating 
rotarod (Stoelting, Ugo Basile, Biological Research 
apparatus, Varese, Italy), at weeks 6, 8, and 10 [14]. 
On the first day, the mice were trained with a trial at an 
accelerating velocity from 4.5 to 40 rpm. Subsequently, 
two trials were performed during two consecutive days. In 
each trial, mice were placed onto the rotarod at a constant 
speed of 4.5 rpm for 5 seconds, which then accelerated at 
a constant rate up until 40 rpm, for a maximum of 5 min. 
The daily trial was composed of two sessions of 5 min 
separated by 20 min. The latency to fall from the rotarod 
was recorded every day for each mouse, and the average 
of two trials was used for statistical analysis. 

For the clasping test, mice were suspended by the tail 
for 30 sec. The frequency and the duration of the foot- 



clasping posture were scored twice a week [32]. The 
average of two trials was used for statistical analysis. The 
tests were performed at 7, 9, and 11 weeks of age. 

Statistical tests 

For tests with a single time point of data acquired, either 
an unpaired £-test or one way ANOVA, followed by 
Fishers LSD post hoc test was used, when necessary. 
Otherwise two-way ANOVA ordinary with Time and 
Group or Genotype and Treatment as between-subject 
factors was applied, followed by Bonferronis post-hoc 
analysis for multiple comparisons. In all cases, significance 
threshold was set at p < 0.05. Prism 6.0 software was used 
to perform statistical analyses. 

Immunohistochemistry 

Coronal brain sections of 50 (im thickness were cut with 
an electronic microtome (Microm HM 650 V). The 
slides from bregma -0.60 to bregma -0.80 mm were 
used for Hematoxylin/eosin staining and immuno- 
stained with monoclonal antibody anti-Huntingtin 
(MAB5374 - Millipore - 1:1000) or polyclonal anti-GFAP 
(AB5804 - Millipore - 1:1000 [33]). For each animal, 
systematic pictures were taken with the slide scanner 
Hamamatsu nanozoomer. The areas of lateral ventricles 
and cortex thickness were measured with NDP software 
(Nanozoomer Digital Pathology Virtual SlideViewer). 
Quantifications of aggregates number and size, or 
GFAP signal, were scored with Image J software from 
256 [im x 256 \im images. Representative pictures for 
these immunostainings obtained with the confocal 
laser scanning microscope model LSM780 (Carl Zeiss) 
are shown. 

TAMRA-P42-TAT injected mice were also immuno- 
stained with rabbit monoclonal anti-DARPP32 (MAb2306 - 
Cell Signaling Technology - 1: 1600), secondary detected by 
Alexa 488 anti-rabbit (1: 2000) to label the striatum, and 
with mouse monoclonal anti-NeuN (MAB377 - Millipore - 
1: 1000), secondary detected by Dye light blue anti-mouse 
(1: 500), as a neuronal marker. 

Results 

Construction of NP42T, a new tool against HD 
Intracellular delivery ofP42 peptide when conjugated with TAT 

In order to ensure P42 diffusion, we designed a fusion 
peptide encompassing P42 conjugated to the llaa 
TAT Cell Penetrating Peptide (CPP). TAT-conjugated 
peptides can cross the blood-brain barrier and plasma 
membranes [28,34]. We first validated the effectiveness 
of the P42-TAT peptide on polyQ-hHtt aggregation. To 
this end, HeLa cells were simultaneously transfected 
with vectors expressing GFP-hHtt 171aa -Q136 and different 
forms of the peptide: Cherry-P42 (Figure 1B-B") or Cherry- 
P42-TAT (Figure 1C-C"), compared to GFP-hHtt 171aa -Q136 
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(See figure on previous page.) 

Figure 1 P42-TAT inhibits efficiently polyQ-hHtt aggregation. HeLa cells were transfected with GFP-138Q-hHtt 171aa (detected in green), in 

the presence of: BS empty vector (A, A', A"); Cherry-P42 (B, B', B"); Cherry-P42-TAT (C, C, C"), or TAMRA-P42-TAT (D, D', D"). Cherry and TAMRA 
are detected in red. As Cherry-P42 (B), Cherry-P42-TAT (C) is present both in the cytoplasm and in the nucleus (visualised by DAPI, in blue). The 
synthetic peptide TAMRA-P42-TAT provided in the culture medium is internalized into the cells and form vesicles (D). The delivery of P42-TAT 
inhibits aggregation (C, D'), as does P42 (B'), to compare to A'. (E) Filter retardation assays were performed on transfected cells in presence of 
increasing amounts of P42-TAT (0.1, 1.5, 1,5, 10 or 20 uM) delivered into the medium. A representative dot blot, where GFP is monitored, is 
shown. Quantification was performed by Image J on 3 independent experiments and is reported on a graph, with respect to the control (BS) 
set up at 100%. As a control, quantification of cells co-transfected by GFP-138Q-hHtt 171aa and Cherry-P42-TAT is shown (P42-TAT). Data represent 
means +/-SEM, and were analysed using Student's f. test (*** p < 0,001). 



aggregation in presence of empty vector (Figure 1A-A"). 
P42-TAT is able to completely rescue the GFP-Htt 171aa - 
Q136 aggregation, as did P42 alone (Figure IB', C). We 
further tested the ability of exogenous P42-TAT to 
transduce HeLa cells when provided into the culture 
medium. To this end, we used a synthetic TAMRA 
end-labelled version of P42-TAT to follow its entry 
into cultured cells (Figure 1D-D"). As shown on Figure ID, 
TAMRA-P42-TAT was taken up by almost all the 
cells and was concentrated into small vesicles. These 
data confirmed the high efficiency of transduction of 
the fusion peptide. We then investigated the ability of 
TAMRA-P42-TAT to prevent aggregate formation, 
when provided into the culture medium (Figure IE). 
Increasing concentrations of TAMRA- P42 -TAT syn- 
thetic peptide (from 0.1 \iM to 20 \iM) drove a clear 
dose-response effect with a complete inhibition of 
aggregation in presence of 10 (iM peptide. Note that even 
a 20-fold excess of this protective dose only produced 25% 
mortality, as assessed by the MTT test [35], while the IC 50 
value could not be measured (data not shown). Altogether 
these data confirm the protective activity of the P42 peptide 
even in the presence of TAT. 

Pharmacokinetics and targeting of P42-TAT into the brain 

One challenge to use P42-TAT at therapeutic ends was 
to find a non-invasive route of delivery, such as buccal 
administration and to improve P42-TAT bioavailability 
and uptake into the brain. To this end, we developed 
a nanostructure-based drug delivery system (Aonys® 
technology), to form a water-in-oil microemulsion (referred 
to as NP42T) allowing per mucosal buccal/rectal ad- 
ministration, and compared this mode of delivery to 
intra-cerebroventricular (ICV) injection. 

We first analysed P42-TAT degradation in brain extracts 
at different times of incubation (0, 1, 3 and 6 h) by mass 
spectrometry. We used MALDI technique to analyse 
the composition and structure of biological molecules 
present in solution. In these conditions, full length 
P42-TAT was degraded within 1 hour, and shorter 
peptides were detectable by mass spectrometry at 
3 hours (Figure 2A). The mass of these products was 
compared with that of peptides generated by "in 



silico" degradation and 30 masses corresponding to 
potential peptides were issued from the original P42-TAT. 

We hypothesized that some of these degradation 
products could be present in the brain in addition to 
the parent P42-TAT peptide. Thus, we analysed the fate of 
P42-TAT when administered into the brain of wild- type 
C57BL/6 J mice by ICV injection or by buccal/rectal 
administration of NP42T encapsulated into Aonys® 
microemulsion. Since the brain corresponds to approxi- 
mately 1% of the mouse total weight, we used 100 times 
more NP42T than for ICV injection. 

We used MALDI Imaging Mass Spectrometry [36], 
whereby the different compounds present in brain sections 
can be detected simultaneously without further labelling. 
Using this technology, intact P42-TAT peptide and its 
degradation products were sought into mouse brain slices 
three hours after injection. An analysis of the distribution 
of 30 putative peptide derivatives was performed on 
brain sections of treated mice. This extensive analysis 
allowed identifying P42-TAT derivatives only detected in 
P42-TAT treated mice (Figure 2B). For instance one 
peptide (m/z 1801.84) is detected in brain extracts 
after 1 or 3 hours incubation (Figure 2A). A MS/MS 
characterisation of this peptide confirmed that it corre- 
sponds to a part of injected P42-TAT: -GSAGHDII 
TEQPRSGGYG (Additional file 1: Figure SI). 

These data confirm that P42-TAT is able to reach the 
brain when administrated via Aonys® microemulsion. 

Targeting of the peptide in neuronal cells of the striatum 

To ensure its function and effectiveness in vivo, it was 
important to test the distribution of P42-TAT. To this 
end, we tested the spreading of a TAMRA-P42-TAT pep- 
tide in brains of wild-type C57BL/6 J mice, administrated 
by intra-cerebroventricular (ICV) injection. Mice were 
sacrificed 3 hours after injection, and brain sections 
analysed. On injected-brain sections, vesicles containing 
the peptide were detectable within the cells and in 
the ipsilateral and controlateral brain areas from the 
injection site, including the cortex and the striatum 
(Additional file 1: Figure S2). We identified that in the 
striatum, TAMRA-P42-TAT was largely diffusing within 
the neurons, including medium-size spiny neurons 
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Figure 2 Pharmacokinetics of P42-TAT in the brain. A- MALDI-MS analysis (ranging from 699 to 4013 m/z) of mice brain soluble extract before 
(control), immediately (tO), or after 1 hour (t1 h) and 3 hours (t3h) of incubation with 15 ug of P42-TAT peptide. Entire P42-TAT corresponds to m/z 
3879.95 at tO. A m/z 1 801 .84 derivative is detected at t1 h and t3h (*) B- The distribution of 30 P42-TAT putative derivatives selected have been 
analysed after IMS and TissueView processing from wild-type mice injected by ICV, or treated with empty NP, or with NP42T microemulsions, as 
indicated. This allowed to identify one major product, visualized on the brain section image and on the graph (ranging from 1796 to 1808 m/z). 
Red dot corresponds to the m/z 1 801 .84 derivative of P42, suggesting that this product is still present in the brain, 3 hrs after the Aonys® administration. 
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(DARPP32 positive cells on Figure 3). The peptide could 
be visualized in the different cellular compartments, 
nucleus and cytoplasm. Whereas P42-TAT could be 
detected in different neuronal populations (NeuN cells 
Figure 3) or cilia cells (Additional file 1: Figure S2), but 
also in astrocytes (data not shown), we could not identify 
a preferential targeting. 

Altogether these data showed that P42-TAT has the 
ability to diffuse into the brain in the different cell 
layers, including the striatum. It is also able to reach the 
different subcellular structures (nucleus and cytoplasm) of 
the neurons. We also showed that delivering the peptide 
using Aonys® water-in-oil microemulsion via buccal/rectal 
mucosa guarantees the peptide to reach different parts 
of the brain, as efficiently as by intracerebroventricular 
injection. 

Treatment of R6/2 mice by NP42T 

In order to confirm in vivo the efficiency of P42 combin- 
ation with TAT and the Aonys® microemulsion, we tested 
the effect of NP42T in R6/2 mouse model of HD. R6/2 
mice are a particularly suitable model for two reasons: first, 
P42 protective properties have been tested in a Drosophila 
model, expressing exonl [8], and it was important to test 



this peptide on a mammalian equivalent model. Second, 
in R6/2 mice, the P42 domain is lacking, allowing to 
precisely seizing the protective properties of exogenously 
administered P42. 

R6/2 mice suffer from a progressive decrease in body 
weight and resting tremor, movements described as 
resembling chorea [23,24]. Administrations of P42-TAT/ 
Aonys® (NP42T) or empty (NP) microemulsions via 
buccal and/or rectal mucosa were performed daily, 5 days 
per week, in R6/2 and in wild-type C57BL/6 J mice. 
NP42T was administrated between week 2 and week 
11: twice orally during the first two weeks and orally 
plus rectally from week 4 to week 11. Several polyQ-hHtt 
behavioural associated defects were analysed (foot-clasping, 
rotarod or body weights), and several markers were 
evaluated on brain sections (size of ventricles, aggregation 
and astrogliosis). 

NP42T reduces behavioural defects of R6/2 mice 

To evaluate the therapeutic potential of P42-TAT, we 
analysed different behaviours. 

When suspended by the tail, normal mice spread their 
four limbs, whereas R6/2 mice clasp their hind- and 
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forelimbs tightly against their thorax and abdomen 
(Figure 4A, A'). Six- week-old R6/2 animals begin to 
exhibit this clasping reflex, which can be easily used to 



examine novel treatments. We first assessed the effect 
of buccal mucosa administration of NP42T on foot 
clasping (Figure 4B). The duration of clasping posture 
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Figure 4 Aonys® NP42T treatment ameliorates behavioural deficits in R6/2 mice. (A) R6/2 mice present a foot-clasping behaviour (A') 
absent in WT littermates (A). (B). Only groups treated with NP42T show a clear inhibition of clasping duration at 1 1 wks: Two way ANOVA 
(F(Genotype x Treatment) 1/25 = 6.4, p = 0.01 79). Post-hoc comparison (Bonferroni's test): **p < 0.01 WT (NP) vs R6/2 (NP); **p < 0.01 R6/2 (NP) vs 
R6/2 (NP42T), with two way ANOVA (F(Group x Time) 6)78 = 1 .0, p = 0.4022) similar over time. (C) Rotarod performances of wild-type (WT) or R6/2 
mice treated with NP42T or with empty NP (placebo) at 6, 8 and 10 weeks of age. Motor deficit is identified in R6/2 mice already at week6. 
Beneficial effect is observed for R6/2 treated with NP42T: Two way ANOVA (F(group x time) 6i78 = 2.362, p < 0.05) indicates that rotarod deficit of 
the four groups of mice was different over time. Post-hoc comparison (Bonferroni's test): 6wks *p < 0.05 R6/2 (NP) vs R6/2 (NP42T); *p < 0.05; 
8wks ***p < 0.001 WT (NP) vs R6/2 (NP); *p < 0.05 R6/2 (NP) vs R6/2 (NP42T); 10wks ***p < 0.001 WT (NP) vs R6/2 (NP); ns R6/2 (NP) vs R6/2 (NP42T). 
(D) Body weight of R6/2 mice is recovered by both early and late administrations of NP42T. Body weight variations were measured in WT and R6/2 
mice, treated with empty NP (placebo) or with NP42T. Graphs represent the body weight evolution from 8wks to 1 1 wks in percentage. In HD mice, 
NP42T inverts the curves and restores a gain of weight in pre-symptomatic. One way ANOVA: (F a24) = 5.2, p < 0.01). Post-hoc comparison (Fisher's LSD): 
**p < 0.01 WT (NP) vs R6/2 (NP); **p < 0.01 R6/2 (NP) vs R6/2 (NP42T). Data represent means +/-SEM (n = 5-9 per group). 
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over a 30 seconds period increased in placebo-treated 
R6/2 mice, with a mean score of 13.7 ± 4.27 s in 11 
week-old animals. NP42T treatment reduced massively 
this defect, with a 10 fold better score, showing a clasping 
duration of 1.35 ± 0.71 s in 11 week-old R6/2 mice 
(Figure 4B), which was indistinguishable from the 
wild-type score. Therefore, NP42T treatment clearly 
prevents hindleg reflex with a durable effect. 
Around the same age, R6/2 mice also begin to 
display other gradual changes in motor function 
such as stereotypical hindlimb grooming, and the 
emergence of some involuntary movements. As a 
result, their motor coordination progressively 
deteriorates, which can be detected as a reduction 
in the time they can stay on a rotating rod, the 
so-called Rotarod. Thus, using the rotarod test, 
we analysed motor coordination and balance 
performance of R6/2 mice treated with NP42T or 
empty NP (Figure 4C). Rotarod capacities were 
tested from week 6, when R6/2 mice begin to 
present motor defects. At that time, R6/2 mice, 
which had already been treated for 4 weeks with 
NP42T, presented normal motor performance 
(249 ± 9.7 s) similarly to wild-type littermates 
(234.6 ± 15.9 s). On the other hand, placebo-treated 
R6/2 mice showed significantly lower motor 
performances (172.5 ± 13.82 s) (Figure 4C). The 
NP42T early and chronic treatments allowed a delay 
of motor defects onset in a sustained manner. Ten 
week-old NP42T-treated R6/2 animals presented a 
lower score (146.83 ± 12.69 s) compared to wild-type 
mice treated with empty NP (placebo) or NP42T 
(respectively 269.75 ± 9.69 s and 248.72 ± 10.59 s), 
but maintained an important advantage compared to 
placebo-treated R6/2 mice (97 ± 8.56 s). In the 
presence of NP42T, motor deficits were delayed by 
approximately 4 weeks (Figure 4C). 

These results show that NP42T is able to significantly 
rescue behavioural dysfunctions of R6/2 when using 
chronic administrations. 

NP42T impacts peripheral phenotypes 

The Aonys® formulation technology allows the delivery 
of the therapeutic peptide NP42T via the lymphatic 
system and general circulation to the central nervous 
system as well as to other organs. Indeed, peripheral 
symptoms have an important impact on HD patient 
survival Cardiac dysfunctions and diabetic anomalies 
contribute to HD patient mortality [37]. Among peripheral 
phenotypes, one of the major defects leads to an alteration 
of the body weight evolution. Indeed, R6/2 mice 
begin to lose weight at week 8 (Figure 4D). Between 
week 8 and 11, wild-type cohorts exhibited a body 



weight gain of 5.47% ±1.1. During the same time 
period, placebo-treated R6/2 animals showed a weight 
loss of -3.39% ±2.1, whereas NP42T-treated R6/2 
mice exhibited an increase of 3.92% ±1.61 of their 
mean body weight. These results showed that NP42T 
was able to restore the body mass curve (Figure 4D). 

NP42T reduces histopathological markers of HD in R6/2 
mice brains 

R6/2 brains are characterized by an atrophy of the neostria- 
tum [24]. When 11 week-old, mice do present an abnormal 
organisation of the brain, with a clear enlargement of the 
ventricles (Figure 5A). To investigate whether the NP42T 
peptide was able to prevent structural changes observed in 
this HD model, mice brain sections were prepared and 
lateral ventricle area measured (Figure 5). Ventricle enlarge- 
ment in R6/2 is at the expense of the striatum area, and of 
the cortex [38]. At week 11, R6/2 striatum and cortical 
thickness were only slightly affected compared to wild-type 
(Rattray et al., [24]) that were not significantly recoved by 
NP42T (data not shown). A clear rescue was however 
observed on lateral ventricle enlargement (Figure 5). 
NP42T-treated R6/2 mice exhibited a mean ventricle 
area of 0.468 ± 0.06 mm 2 (Figure 5B), similar to wild-type 
animals 0.306 ± 0.07 mm 2 (not shown), whereas placebo- 
treated R6/2 mice presented a significant enlargement of 
the ventricles with a mean area of 0.745 ±0.1 mm 2 
(Figure 5A). 

Loss of brain volume in HD is also accompanied by a 
significant increase in astrocyte number, as shown when 
using a specific immune-marker GFAP (Figure 6A). We 
further analysed the astrogliosis process and identified 
that NP42T lowers the number of astrocytes in the 
brain cortex (Figure 6B) (with the mean GFAP signal of 
196 ± 40 for NP42T-treated mice compared to 272 ± 36 for 
placebo-treated mice) (Figure 6C) and in the striatum (with 
the mean GFAP signal of 171 ± 28 in NP42T versus 
239 ±41 in placebo-treated R6/2 cohorts (Figure 6D), 
which correlates with a rescue of the brain volumes in 
NP42T-treated mice, as compared to placebo treatment 
(Figure 5). 

Finally, to determine whether NP42T was able to 
target the mutant polyQ-hHtt aggregates present in 
R6/2 mice, as shown in HD Drosophila model, we 
monitored both the number and the size of these nuclear 
inclusions (Figure 7A-A, B-B'). After quantification, 
(Figure 7C-F) we found that aggregates were still 
present in R6/2 mice treated by NP42T, both in the 
striatum and the cortex. The number of aggregates 
was significantly reduced by 50% in both the striatum and 
the cortex in NP42T-treated R6/2 mice (Figure 7C-D). 
In contrast, the size of the remaining aggregates 
remained unchanged in both the cortex and the striatum 
(Figure 7E-F). 



Arribat et al. Acta Neuropathologica Communications 2014, 2:86 
http://www.actaneurocomms.Org/content/2/1/86 



Page 11 of 17 



R6/2 




R6/2 + NP42T 




f 



E 
_^ 
o 
> 




Figure 5 NP42T delivery reduces ventricle enlargements in R6/2 mice. (A, B) brain sections of 1 1 wks R6/2 mice treated with empty NP from 9wks to 
1 1wks (A), or with NP42T (B) (scale from 0 to 8 mm) with enlargements shown (scale from 0 to 1 mm). Brain sections have been selected with the slide 
scanner Nanozoomer Hamatsu, and correspond to -0,6 or -0,8 mm bregma point. In presence of NP42T, the ventricle size is closed to WT. (C) R6/2 and 
WT mice were treated with empty NP (-) or with NP42Tfrom 2wks to 1 1wks. Data represent means +/-SEM (n = 4-8 per group), and were analysed using 
one way ANOVA: (F (3 , 18) = 6.4, p < 0.01). Post-hoc comparison (Fisher's LSD): **p < 0.01 WT (NP) vs R6/2 (NP); *p < 0.05 R6/2 (NP) vs R6/2 (NP4ZT). 



Altogether, these data confirm the powerful protective 
effect of P42 in vivo. The original delivery method based on 
CPP and a novel microemulsion formulation allowed the 
peptide to efficiently cross the blood-brain-barrier and its 
wide spread into the brain, with an efficient rescue on most 
of the associated HD-phenotypes that were tested. 

Discussion 

Despite of recent progresses, HD remains a fatal neuro- 
degenerative disorder. In this context, the identification 



of P42 represents a new therapeutic avenue. P42 is a 
23aa peptide that lays in the N-terminal sequence of 
Huntingtin. We previously showed that this peptide 
is able to prevent aggregation of mutant Huntingtin in 
HeLa cells. Its therapeutic potential was also confirmed 
in vivo in Drosophila models of HD, on different 
phenotypes specifically induced by the expression of 
polyQ-hHtt [8]. To confirm P42 protective properties, we 
choose in this report to test P42 in a mammalian animal 
model. 
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Figure 6 NP42T delivery reduces astrogliosis in R6/2 mice. R6/2 mice treated with placebo present an important GFAP positive astrogliosis in 
the cortex (A) and in the striatum (not shown). R6/2 mice treated with NP42T present lower GFAP positive astrogliosis in the cortex (B) and in 
the striatum (not shown). Pictures were obtained by laser confocal microscopy (Zeiss LSM 780). The quantification shows that NP42T reduces 
astrogliosis in the cortex (C) and the striatum (D), but the recovery is not significant. Data represent means +/-SEM (n = 4-7 per group), and were 
analysed using one way ANOVA: GFAP in the cortex (F (3)19 ) = 4.9, p < 0.01) and GFAP in the striatum (F (3)18) = 6.1, p < 0.05). Post-hoc comparison 
(Fisher's LSD): **p < 0.01 WT (NP) vs R6/2 (NP); ns R6/2 (NP) vs R6/2 (NP42T) in the cortex and *p < 0.05 WT (NP) vs R6/2 (NP); ns R6/2 (NP) vs R6/2 
(NP42D in the striatum. 



The use of P42 as a drug in mammals requires the 
ability to deliver this peptide into the brain. Indeed poor 
absorption and high enzymatic degradation of peptides 
are critical for the use of such tools. The need for a 
chronic treatment requires the development of a 
non-invasive method of administration, in order to 
ensure patient compliance. To this end, we joined for the 
first time two original strategies to provide an efficient 
distribution of P42 until its targeting into the cells, 
by using i) Aonys®, a water-in-oil microemulsion 
[29,30] and ii) a fusion peptide composed of TAT and 



its cargo P42. We verified that the presence of TAT 
enhances the diffusion of P42 into a large number of 
cells. We could also verify that the fusion peptide 
P42-TAT has kept its protective properties and could 
diffuse into the cells, targeting the different regions of 
the brain and the different subcellular compartments. 
This diffusion of P42-TAT will help to provide better 
efficacy, preventing aggregate intercellular spreading for 
instance [39]. In a second step, in order to enhance 
the low stability and half time of P42-TAT and to enhance 
its residence time in the CNS, we used the Aonys® 
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Figure 7 NP42T reduces the aggregate number in R6/2 model. R6/2 mice treated with the placebo generate a large number of Huntingtin 
aggregates in the cortex (in red) (A, A') and in the striatum (not shown). R6/2 mice treated with NP42T present a decreased number of aggregates in 
the cortex (B, B') and the striatum (not shown). The DAPI staining in grey (A', B') confirms that the number of cells remains identical. Pictures were 
obtained by laser confocal microscopy (Zeiss LSM 780). The quantification shows that NP42T reduces the number (C, D), but not the size (E, F) of the 
aggregates in both the cortex (C, E) and the striatum (D, F). Data represent means +/-SEM (n = 7 per group), and were analysed using Student's t.test 
(ns: not significant; ** p < 0.05). 



microemulsion formulation technology (Medesis-Pharma) administrations and providing efficient delivery, 
to deliver the fusion peptide. P42-TAT was formulated in Therefore, the formulation named NP42T took the 
the water-in-oil microemulsion, allowing per mucosal advantages of these two delivery technologies. The 
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buccal and rectal administration of such a formulation 
represents the most appropriate and non-invasive route for 
chronic peptide delivery. Using this technique, we verified 
that P42-TAT is targeted to the brain as efficiently as when 
provided directly by intra-cerebroventricular injection. We 
also identified that P42 derivatives reside several hours in 
the brain. 

Per mucosal administration of NP42T in R6/2 mice 
allowed early treatment starting at the second week. 
Thus, we ensured the delivery of the peptide before the 
first defects appearance. The treatment of R6/2 mice 
with NP42T improved most of the HD symptoms when 
administrated pre-symptomatically, delaying for instance 
the motor impairment observed on rotarod test by 
around 4 weeks. The benefits observed on the foot 
clasping phenotypes were also notable until the animals 
were sacrificed at week 11. For pathological markers, 
such as aggregation or astrogliosis, the treatment 
reduced their intensity. Notably, NP42T decreased the 
number of the aggregates, but not their size. One 
hypothesis is that by targeting hHtt exonl [8], P42 might 
interfere on both the nucleation and aggregation 
processes, which might prevent new aggregates to 
form. Note that because of exonl self-interactions 
[40], undoing aggregates is more difficult, which might 
explain that when formed, the size of the aggregates keeps 
unchanged. However, blocking the formation of new 
aggregates may allow the neurons to eliminate the 
preexisting inclusions and the soluble mutant Htt in 
excess to recover normal functioning, as previously 
mentioned [41]. Even though the exact role of aggregates 
and their involvement in cell toxicity remain controversial 
[42], we observed that the lower number of aggregates is 
correlated with a recovery of different phenotypes, such as 
motor performances for instance. 

This raises the question concerning the efficiency of 
P42 for post-symptomatic treatment. In 6 week-old R6/2 
mice, most of the symptoms are already developed [24]. 
In these conditions, a late treatment revealed protective 
effects on a range of phenotypes, but to a lower extent 
(our unpublished results). This suggests that P42 might 
not only target aggregate formation but could also interfere 
on polyQ-Htt toxicity at other levels, which might delay 
the progression of the disease. 

In humans, the possibility of a pre-symptomatic test, 
preceded by genetic counseling and carried out in accord- 
ance with international recommendations, allows risky 
subjects to assess their genetic status and to predict 
whether a subject will develop HD, long before becoming 
symptomatic [43]. Pre-symptomatic phase is a unique 
opportunity for early intervention and neuroprotection, in 
which our peptide could be proposed. 

The microemulsion delivery mechanism is likely to 
mediate a systemic distribution of P42-TAT in the whole 



organism. Even if the striatum and the cortex are the 
most affected regions in HD, peripheral symptoms play 
an important part in the quality of life, and eventually the 
mortality of HD patients [37]. For instance, cardiovascular 
defects are responsible for the death in 30% of the patients 
[44]. For these reasons, whole body delivery of therapeutic 
molecules seems more appropriate than a local administra- 
tion (such as viral delivery in a limited region). Indeed, the 
effect of NP42T on body weight could be explained by 
more peripheral benefits. We investigated other peripheral 
phenotypes such as heart mass, heart ventricle size and 
glycaemia, but no clear variations were observed between 
wild-type and R6/2 non-treated mice during the time of 
our study (data not shown). The relatively short timing of 
the study (from 2 to 11 weeks) and the use of a softer stock 
of R6/2 mice could explain that we did not notice these 
peripheral phenotypes previously described in other 
reports [37]. Nevertheless, the effect of NP42T on body 
weight evolution might be representative of an action on 
muscle mass, metabolism, and food intake. Note that no 
toxicity of P42-TAT has been noticed during this study, 
since NP42T-treated wild-type mice developed normally, 
and IC 50 value on HeLa cell survival (MTT test) could 
not be measured even in the presence of a large 
excess of peptide. Moreover the number of neurons, 
quantified after NeuN-immunostaining, was identical 
in brains of wild-type mice treated by NP42T or 
empty NP. Finally neither astrogliosis (detected by 
GFAP-immunostaining- Figure 6), nor microglia activa- 
tion (detected by IBAl-immunostaining- data not shown) 
were identified in NP42T-treated wild-type brains. 

The efficient rescue supported by P42 administration 
represents one of the best therapeutic effects described 
so far. Therapeutic research currently targets mutant 
Htt at transcriptional or post-translational level. The 
recent works in RNA interference or ASO strategies [45] 
attempt to reduce the expression of the mutant 
transcript. Despite recent progress, the limitation of this 
approach lays in the effects on the wild-type allele 
and the aggravation of the loss of function effects. 
Biochemical molecules and intrabodies have also been 
designed against the protein, in order to target abnormal 
interaction and aggregation processes. In particular, a 
range of molecules targeting directly the polyQ region of 
the mutant Huntingtin, have been designed. For instance, 
the peptide QBP1 and the molecule C2-8 bind the polyQ 
region and reduce aggregation. These factors drove clear 
effects in cell models [46,47], but rather mild effects in 
R6/2 mouse model [14,15]. The combination of TAT with 
transmucosal microemulsion delivery allowed us to use 
particularly low doses of P42 (120 ug/week of peptide in 
adult mice), comparative to what are usually used. In com- 
parison, injection of 500 ug-2 mg/week of QBP1, fused to 
TAT, had no effect on aggregation process in R6/2 mice, 
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and only a slight effect on body weight [15]. Among the 
drugs that target the polyQ-hHtt, C2-8 had the ability to 
also reduce the aggregation process and to improve 
rotarod performances of R6/2 mice, but this was obtained 
only in presence of high doses of products (100 or 
200 mg/kg/12 h) [14]. The direct targeting of polyQ 
region might also provide unspecific action, especially if 
using high doses. Indeed, a wide range of proteins, includ- 
ing transcription factors, physiologically contain a polyQ 
stretch, which is crucial for their activity, suggesting that 
chronic treatment might lead to high toxicity. Hence, new 
strategies that specifically target Huntingtin regions 
flanking the polyQ have been tested. C4 and V L 12.3 
intrabodies, designed against the N17 region to inhibit 
nucleation and aggregation, showed encouraging effects in 
cell model [48,49], but only moderate improvements of 
R6/2 mice [12]. Hence, the performances of NP42T 
reported here in R6/2 mice should be greater in other HD 
models. In particular, P42 effects on lifespan are partial 
[8], and should be evaluated on less aggressive line. 

In summary, P42 combines the specificity of intrabodies 
targeting flanking regions, but resorts to natural molecular 
mechanisms normally used by the cells. In addition, the 
clear dose-effect of P42-TAT that we identified in cell 
cultures, suggests that the doses that we administered 
could be enhanced to provide greater benefit. 

Conclusions 

To conclude, this report highlights a clear therapeutic 
potential of P42, a 23aa peptide, localized in endogenous 
Huntingtin protein [8]. The action of this molecule was 
potentiated through the combination of transmucosal 
microemulsion delivery and CPP support. Such a strategy 
could be applied more generally to other disorders, requir- 
ing daily treatments. In early pre-symptomatic treatment, 
NP42T is protective both on aggregation and on different 
behavioural or physiological phenotypes. Because HD 
is a genetic disorder, early screening for patients at 
risk would enable pre-symptomatic treatment. Later 
post-symptomatic administration of P42 in R6/2 mice 
might also help to delay the progression of the disease, 
but need to be tested further. Nevertheless our data 
showed that P42 is clearly able to prevent the appearance 
of symptoms, and to impede the progression of the 
disease. To enhance the recovery of cell activity, a 
treatment based on P42 should be combined with 
other strategies to stimulate autophagic process or 
proteasome activity for instance [50,51], but also in 
bitherapies, associating for instance the lithium that 
was also shown to be protective [30]. Because of the 
aggressiveness of HD, it seems important to envisage a 
synergic use of the different therapeutic ways. In this 
context, P42 might represent one of the most powerful 
tools to fight efficiently against mutant Huntingtin toxicity. 
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Additional file 1: Figure SI. MS/MS identification of the m/z 1801.84 
peptide. The sequence is confirmed by the detection of numerous b-ions 
(red arrows) and y-ions (green arrows) generated by the fragmentation of 
the parent peptide. Figure S2. TAMRA-P42-TAT is able to diffuse into 
C57BL/6 J mice brains. Females were injected into the right ventricle, 
using ICV injection of 5 ug synthethic peptide. Six hours after the 
injection, mice were sacrificed and brain sections monitored for TAMRA 
signal (in red) using laser confocal microscopy Zeiss LSM 780. The 
peptide fusion is efficiently internalized into the cells surrounding the 
ventricle (A). Magnification shows that in the cells, TAMRA-P42-TAT is 
localised in the nucleus and the cytoplasm, and is detected in the ciliary 
structures (A'). The fusion peptide is able to reach both the ipsilateral and 
contralateral cortex (B, magnification in B'). TAMRA-P42-TAT is also 
massively detected in the neurons of the striatum (C) both in the nucleus of 
the cells, and along the neurites (magnification in C).The fusion peptide is 
still detected when mice were sacrificed 24 hrs after ICV injection, and when 
1 ug of TAMRA-P42-TAT was injected instead of 5 ug (data not shown). 
Experiment were reproduced on several animals: n = 12. 



Competing interests 

Medesis Pharma claims intellectual property regarding Aonys technology of 
microemulsions used in this work. CB, LB and PM are employees of Medesis 
Pharma. The other authors declare no competing interest. 

Authors' contributions 

YA and ^T-A carried out most of the experiments. AP performed the ICV 
injections of synthetic peptides and the statistical analyses. AP and NaB 
performed the different immunostainings on brain sections. PL did the 
tests on HeLa cells. FM did the confocal images. PM, CB and LB prepared 
the microemulsions. CL and NiB performed the MALDI experiments. FM 
conceived the study, supervised the coordination and provided financial 
support. CL, MLP and PM participated to discussions on the project. YA, YT-A 
and FM designed, interpreted the data and wrote the manuscript. All of the 
authors read and approved the final manuscript. 

Acknowledgements 

We wish to thank Cecilia Marelli, Peter Jackson and Elsa Compte for 
discussions during this work. Christelle Cadilhac and Emmanuel Valjent for 
technical advice on mice. Federica Bertaso for helpful discussions on mouse 
work before the start of this study. 

YA was supported by a fellowship from the French Ministry of Research and 
Technology. This work has been supported by the CNRS, "soutien au 
transfert" grant, UM2 contribution, and ANR Emergence (ANR-12-EMMA-0013). 

Author details 

1 1nstitut de Genomique Fonctionnelle (IGF), CNRS-UMR 5203, lnserm-U661, 
University Montpellier UM1-UM2, Montpellier F-34094, France. 2 Medesis 
Pharma, Baillargues, France. 3 lnstitut de Recherche en Cancerologie de 
Montpellier (IRCM), lnserm-U896, University Montpellierl, Institut regional du 
Cancer de Montpellier, Montpellier F-34298, France. 

Received: 8 July 2014 Accepted: 10 July 2014 
Published: 5 August 2014 

References 

1. Zuccato C, Valenza M, Cattaneo E (2010) Molecular mechanisms and 
potential therapeutical targets in Huntington's disease. Physiol Rev 
90(3):905-981 

2. Adam OR, Jankovic J (2008) Symptomatic treatment of Huntington disease. 
Neurotherapeutics 5(2):1 81 -1 97 

3. Busch A, Engemann S, Lurz R, Okazawa H, Lehrach H, Wanker EE (2003) 
Mutant huntingtin promotes the fibrillogenesis of wild-type huntingtin: a 
potential mechanism for loss of huntingtin function in Huntington's disease. 
J Biol Chem 278(42):41 452-41 461 

4. Suhr ST, Senut MC, Whitelegge JP, Faull KF, Cuizon DB, Gage FH (2001) 
Identities of sequestered proteins in aggregates from cells with induced 
polyglutamine expression. J Cell Biol 153(2):283-294 



Arribat et al. Acta Neuropathologica Communications 2014, 2:86 
http://www.actaneurocomms.Org/content/2/1/86 



5. Chai Y, Shao J, Miller VM, Williams A, Paulson HL (2002) Live-cell imaging 
reveals divergent intracellular dynamics of polyglutamine disease proteins 
and supports a sequestration model of pathogenesis. Proc Natl Acad Sci 
U S A 99(14):9310-9315 

6. Lee WC, Yoshihara M, Littleton JT (2004) Cytoplasmic aggregates trap 
polyglutamine-containing proteins and block axonal transport in a 
Drosophila model of Huntington's disease. Proc Natl Acad Sci U S A 
101(9)3224-3229 

7. Finkbeiner S, Mitra S (2008) The ubiquitin-proteasome pathway in Huntington's 
disease. Sci World J 8:421-433 

8. Arribat Y, Bonneaud N, Talmat-Amar Y, Layalle S, Parmentier ML, Maschat F 
(2013) A huntingtin peptide inhibits polyQ-huntingtin associated defects. 
PLoS One 8(7):e68775 

9. Godin JD, Poizat G, Hickey MA, Maschat F, Humbert S (2010) Mutant 
huntingtin-impaired degradation of beta-catenin causes neurotoxicity in 
Huntington's disease. EMBO J 29(1 4):2433-2445 

10. Heng MY, Detloff PJ, Paulson HL, Albin RL (2010) Early alterations of 
autophagy in Huntington disease-like mice. Autophagy 6(8):1 206-1 208 

11. Rockabrand E, Slepko N, Pantalone A, Nukala VN, Kazantsev A, Marsh JL, 
Sullivan PG, Steffan JS, Sensi SL, Thompson LM (2007) The first 17 amino 
acids of Huntingtin modulate its sub-cellular localization, aggregation and 
effects on calcium homeostasis. Hum Mol Genet 1 6(1 ):61 —77 

12. Southwell AL, Ko J, Patterson PH (2009) Intrabody gene therapy ameliorates 
motor, cognitive, and neuropathological symptoms in multiple mouse 
models of Huntington's disease. J Neurosci 29(43):1 3589-1 3602 

13. Sah DW, Aronin N (201 1) Oligonucleotide therapeutic approaches for 
Huntington disease. J Clin Invest 121(2):500-507 

14. Chopra V, Fox JH, Lieberman G, Dorsey K, Matson W, Waldmeier P, 
Housman DE, Kazantsev A, Young AB, Hersch S (2007) A small-molecule 
therapeutic lead for Huntington's disease: preclinical pharmacology and 
efficacy of C2-8 in the R6/2 transgenic mouse. Proc Natl Acad Sci U S A 
1 04(42): 1 6685-1 6689 

1 5. Popiel HA, Nagai Y, Fujikake N, Toda T (2009) Delivery of the aggregate 
inhibitor peptide QBP1 into the mouse brain using PTDs and its therapeutic 
effect on polyglutamine disease mice. Neurosci Lett 449(2):87-92 

16. Dragatsis I, Levine MS, Zeitlin S (2000) Inactivation of Hdh in the brain and 
testis results in progressive neurodegeneration and sterility in mice. 

Nat Genet 26(3):300-306 

17. Leavitt BR, Guttman JA, Hodgson JG, Kimel GH, Singaraja R, Vogl AW, 
Hayden MR (2001) Wild-type huntingtin reduces the cellular toxicity of 
mutant huntingtin in vivo. Am J Hum Genet 68(2):31 3-324 

18. Squitieri F, Gellera C, Cannella M, Mariotti C, Cislaghi G, Rubinsztein DC, 
Almqvist EW, Turner D, Bachoud-Levi AC, Simpson SA, Delatycki M, 
Maglione V, Hayden MR, Donato SD (2003) Homozygosity for CAG mutation 
in Huntington disease is associated with a more severe clinical course. 
Brain 1 26(Pt 4):946-955 

19. Gauthier LR, Charrin BC, Borrell-Pages M, Dompierre JP, Rangone H, 
Cordelieres FP, De Mey J, MacDonald ME, Lessmann V, Humbert S, Saudou F 
(2004) Huntingtin controls neurotrophic support and survival of neurons by 
enhancing BDNF vesicular transport along microtubules. Cell 1 1 8(1 ):1 27—1 38 

20. Van Raamsdonk JM, Pearson J, Murphy Z, Hayden MR, Leavitt BR (2006) 
Wild-type huntingtin ameliorates striatal neuronal atrophy but does not 
prevent other abnormalities in the YAC128 mouse model of Huntington 
disease. BMC Neurosci 7:80 

21. Cattaneo E, Zuccato C, Tartari M (2005) Normal huntingtin function: an 
alternative approach to Huntington's disease. Nat Rev Neurosci 6(1 2):91 9-930 

22. Mugat B, Parmentier ML, Bonneaud N, Chan HY, Maschat F (2008) Protective 
role of Engrailed in a Drosophila model of Huntington's disease. Hum Mol 
Genet 17(22)3601-3616 

23. Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C, 
Lawton M, Trottier Y, Lehrach H, Davies SW, Bates GP (1996) Exon 1 of the 
HD gene with an expanded CAG repeat is sufficient to cause a progressive 
neurological phenotype in transgenic mice. Cell 87(3)493-506 

24. Rattray I, Smith E, Gale R, Matsumoto K, Bates GP, Modo M (2013) 
Correlations of behavioral deficits with brain pathology assessed through 
longitudinal MRI and histopathology in the R6/2 mouse model of HD. 
PLoS One 8(4):e60012 

25. Carter RJ, Lione LA, Humby T, Mangiarini L, Mahal A, Bates GP, Dunnett SB, 
Morton AJ (1999) Characterization of progressive motor deficits in mice 
transgenic for the human Huntington's disease mutation. J Neurosci 
19(8):3248-3257 



Page 16 of 17 



26. Wadia JS, Dowdy SF (2002) Protein transduction technology. Curr Opin 
Biotechnol 13(1):52-56 

27. Joliot A, Prochiantz A (2004) Transduction peptides: from technology to 
physiology. Nat Cell Biol 6(3):189-196 

28. Wadia JS, Dowdy SF (2005) Transmembrane delivery of protein and peptide 
drugs by TAT-mediated transduction in the treatment of cancer. Adv Drug 
Deliv Rev 57(4):579-596 

29. Mouri A, Diat O, El Ghzaoui A, Bauer C, Maurel JC, Devoisselle JM, Dorandeu C, 
Legrand P (2014) Phase behavior of reverse microemulsions based on Peceol 
((R)). J Colloid Interface Sci 416:139-146 

30. Pouladi MA, Brillaud E, Xie Y, Conforti P, Graham RK, Ehrnhoefer DE, 
Franciosi S, Zhang W, Poucheret P, Compte E, Maurel JC, Zuccato C, 
Cattaneo E, Neri C, Hayden MR (2012) NP03, a novel low-dose lithium 
formulation, is neuroprotective in the YAC128 mouse model of Huntington 
disease. Neurobiol Dis 48:282-289 

31 . Sittler A, Walter S, Wedemeyer N, Hasenbank R, Scherzinger E, Eickhoff H, 
Bates GP, Lehrach H, Wanker EE (1998) SH3GL3 associates with the 
Huntingtin exon 1 protein and promotes the formation of polygln- 
containing protein aggregates. Mol Cell 2(4)427-436 

32. Tanaka M, Machida Y, Niu S, Ikeda T, Jana NR, Doi H, Kurosawa M, Nekooki M, 
Nukina N (2004) Trehalose alleviates polyglutamine-mediated pathology in a 
mouse model of Huntington disease. Nat Med 1 0(2):1 48—1 54 

33. Rodriguez-Navarro JA, Rodriguez L, Casarejos MJ, Solano RM, Gomez A, Perucho 
J, Cuervo AM, Garcia de Yebenes J, Mena MA (2010) Trehalose ameliorates 
dopaminergic and tau pathology in parkin deleted/tau overexpressing mice 
through autophagy activation. Neurobiol Dis 39(3)423-438 

34. Khafagy ES, Morishita M (2012) Oral biodrug delivery using cell-penetrating 
peptide. Adv Drug Deliv Rev 64:531-539 

35. Sieuwerts AM, Klijn JG, Peters HA, Foekens JA (1995) The MTT tetrazolium 
salt assay scrutinized: how to use this assay reliably to measure metabolic 
activity of cell cultures in vitro for the assessment of growth characteristics, 
IC50-values and cell survival. Eur J Clin Chem Clin Biochem 33(1 1):81 3-823 

36. Drexler DM, Garrett TJ, Cantone JL, Diters RW, Mitroka JG, Prieto Conaway 
MC, Adams SP, Yost RA, Sanders M (2007) Utility of imaging mass 
spectrometry (IMS) by matrix-assisted laser desorption ionization (MALDI) on 
an ion trap mass spectrometer in the analysis of drugs and metabolites in 
biological tissues. J Pharmacol Toxicol Methods 55(3):279-288 

37. Sassone J, Colciago C, Cislaghi G, Silani V, Ciammola A (2009) Huntington's 
disease: the current state of research with peripheral tissues. Exp Neurol 
219(2):385-397 

38. Ferrante RJ, Andreassen OA, Dedeoglu A, Ferrante KL, Jenkins BG, Hersch 
SM, Beal MF (2002) Therapeutic effects of coenzyme Q10 and remacemide in 
transgenic mouse models of Huntington's disease. J Neurosci 22(5):1 592-1 599 

39. Costanzo M, Abounit S, Marzo L, Danckaert A, Chamoun Z, Roux P, Zurzolo 
C (2013) Transfer of polyglutamine aggregates in neuronal cells occurs in 
tunneling nanotubes. J Cell Sci 126(Pt 16):3678-3685 

40. Tarn S, Spiess C, Auyeung W, Joachimiak L, Chen B, Poirier MA, Frydman J 
(2009) The chaperonin TRiC blocks a huntingtin sequence element that 
promotes the conformational switch to aggregation. Nat Struct Mol Biol 

1 6(1 2):1 279-1 285 

41. Yamamoto A, Lucas JJ, Hen R (2000) Reversal of neuropathology and motor 
dysfunction in a conditional model of Huntington's disease. Cell 101 (1):57— 66 

42. Arrasate M, Mitra S, Schweitzer ES, Segal MR, Finkbeiner S (2004) Inclusion 
body formation reduces levels of mutant huntingtin and the risk of 
neuronal death. Nature 431 (701 0):805-81 0 

43. Tabrizi SJ, Scahill Rl, Owen G, Durr A, Leavitt BR, Roos RA, Borowsky B, 
Landwehrmeyer B, Frost C, Johnson H, Craufurd D, Reilmann R, Stout JC, 
Langbehn DR (2013) Predictors of phenotypic progression and disease 
onset in premanifest and early-stage Huntington's disease in the TRACK-HD 
study: analysis of 36-month observational data. Lancet Neurol 1 2(7):637-649 

44. Mihm MJ, Amann DM, Schanbacher BL, Altschuld RA, Bauer JA, Hoyt KR 
(2007) Cardiac dysfunction in the R6/2 mouse model of Huntington's 
disease. Neurobiol Dis 25(2):297-308 

45. Kordasiewicz HB, Stanek LM, Wancewicz EV, Mazur C, McAlonis MM, Pytel 
KA, Artates JW, Weiss A, Cheng SH, Shihabuddin LS, Hung G, Bennett CF, 
Cleveland DW (2012) Sustained therapeutic reversal of Huntington's disease 
by transient repression of huntingtin synthesis. Neuron 74(6):1 031-1 044 

46. Nagai Y, Tucker T, Ren H, Kenan DJ, Henderson BS, Keene JD, Strittmatter 
WJ, Burke JR (2000) Inhibition of polyglutamine protein aggregation and 
cell death by novel peptides identified by phage display screening. J Biol 
Chem 275(1 4):1 0437-1 0442 



Arribat et al. Acta Neuropathologica Communications 2014, 2:86 
http://www.actaneurocomms.Org/content/2/1/86 



Page 1 7 of 1 7 



47. Zhang X, Smith DL, Meriin AB, Engemann S, Russel DE, Roark M, 
Washington SL, Maxwell MM, Marsh JL, Thompson LM, Wanker EE, 
Young AB, Housman DE, Bates GP, Sherman MY, Kazantsev AG (2005) A 
potent small molecule inhibits polyglutamine aggregation in Huntington's 
disease neurons and suppresses neurodegeneration in vivo. Proc Natl Acad 
Sci U S A 102(3):892-897 

48. Wolfgang WJ, Miller TW, Webster JM, Huston JS, Thompson LM, Marsh JL, 
Messer A (2005) Suppression of Huntington's disease pathology in 
Drosophila by human single-chain Fv antibodies. Proc Natl Acad Sci U S A 
102(32):1 1563-1 1568 

49. Southwell AL, Khoshnan A, Dunn DE, Bugg CW, Lo DC, Patterson PH (2008) 
Intrabodies binding the proline-rich domains of mutant huntingtin increase 
its turnover and reduce neurotoxicity. J Neurosci 28(36):901 3-9020 

50. Bauer PO, Goswami A, Wong HK, Okuno M, Kurosawa M, Yamada M, 
Miyazaki H, Matsumoto G, Kino Y, Nagai Y, Nukina N (2010) Harnessing 
chaperone-mediated autophagy for the selective degradation of mutant 
huntingtin protein. Nat Biotechnol 28(3):256-263 

51. Butler DC, McLear JA, Messer A (2012) Engineered antibody therapies to 
counteract mutant huntingtin and related toxic intracellular proteins. 
Prog Neurobiol 97(2):1 90-204 



doi:1 0.1 1 86/S40478-01 4-0086-x 

Cite this article as: Arribat et al:. Systemic delivery of P42 peptide: a new 
weapon to fight Huntington's disease. Acta Neuropathologica 
Communications 2014 2:86. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at f~\ RiftMM i rpntral 

www.biomedcentral.com/submit \^ ™omea centra 1 



